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ABSTRACT PAGE 
 
This thesis explored two questions – Does developmental exposure to methyl-
mercury affect the later reproductive success of songbirds? Does the timing of 
such developmental exposure affect the severity of any effects on reproductive 
success? The second question was formulated to test the Developmental Stress 
Hypothesis (DSH), which states that early developmental conditions incur later-
life fitness consequences. Methyl-mercury (MeHg), a potent environmental 
toxicant, may induce stress in developing organisms, and have far-reaching 
negative effects on adult fitness. I tested the DSH by investigating whether the 
timing of MeHg-induced stress, early vs. late in development, affected later-life 
reproductive success (a strong measure of fitness) in captive zebra finches 
(Taeniopygia guttata). Groups of siblings were divided across four treatments – 
early exposure (conception + 64 days), late exposure (beginning at 64 days post-
conception + 64 days), complete exposure (conception + 128 days), and control 
(unexposed) – in order to account for genetic effects, and therefore have a 
rigorous test of the DSH. Birds were paired among families and within treatments 
once they reached adulthood. Key reproductive metrics were assessed, including 
the overall number of independent offspring produced per pair in an 8-month 
continuous breeding period (mean reproductive output). Among-treatment 
comparisons showed that late-exposed pairs outperformed early-exposed pairs 
to varying degrees, in all metrics, with a 21% higher, but not significantly 
different, reproductive output. Evidence in support of the DSH was therefore 
mixed, as performances were biologically different, but statistically 
indistinguishable. Mean differences suggest that the impact of stress on 
developing systems is greater earlier in development, and that phenotype, and 
therefore fitness, can be explained not only by genotype and environment, but 
also by the timing of stressful events. The first question was addressed by 
combining all performances of pairs in mercury-exposed treatments, and 
comparing these to controls. Control pairs outperformed developmentally-
exposed pairs in all metrics but one, with large differences in the hatching 
success (40% higher in controls) and pair survival metrics (52% higher). The final 
mean reproductive output of control pairs was 80% higher than that of exposed 
pairs (5.58 vs. 3.11 offspring). Results were similar to ones recorded in studies of 
zebra finches exposed to MeHg during the reproductive process, highlighting the 
severe and irreversible harm MeHg-induced developmental stress can have on 
developing songbirds, and, more broadly, on songbird population stability. I 
therefore suggest that conservation and management strategies give priority to 
the remediation and/or protection against mercury pollution of breeding grounds 
and migration routes, in order to achieve the greatest impact. 
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Introduction  
Testing the early stress hypothesis 
There is robust evidence that organisms exposed to stressors early in life incur 
adverse fitness consequences later in life. Impaired immune response, abnormal growth 
rates, elevated risk for mental disorders, and reproductive dysfunction, are some of the 
potential consequences that have been associated with developmental stressors (e.g. in 
[1]–[5]). The Developmental Stress Hypothesis (DSH) has been frequently used to 
describe the ways stressors and their timing alter developmental trajectories, with 
specific and far-reaching consequences for adult phenotype and fitness. Environmental 
stressors may affect the cost of producing a trait in developing organisms, and 
individuals better adapted to their developmental environment will be able to 
accommodate and/or compensate for increased costs, and have greater fitness [6], [7]. 
This idea has significant relevance for how environmental conditions shape organismal-
level fitness [1], [7], and has been investigated using many approaches, producing much 
evidence in support of the DSH (reviewed in [8]). A notable example is the extensive 
work done with songbirds using nutritional restriction as a developmental stress and 
altered song as the fitness effect. In oscine songbirds, the rapid development of a 
network of brain nuclei, known as ‘the song-control system,’ coincides with the rapid 
postnatal growth of organs, bones and feathers, and therefore is especially vulnerable to 
nutritional stress. The stress acting on ontological processes at that time affects multiple 
neurological, endocrine and somatic systems, producing phenotypes that serve as 
indicators of stress history and individual quality [9].   
Research testing the strength of the DSH seeks to establish a causational 
relationship between the timing of developmental stress and later-life fitness. An 
important assumption about the developmental process is that variations in the resulting 
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adult phenotype are products of the effects of genotype, environmental conditions 
(stressors), and any interactions thereof, i.e. the effect environmental conditions may 
differ with genotype, and visa versa. This relationship between environment and genetic 
diversity creates a wide spectrum of potential phenotypic responses, and therefore 
presents experimenters testing the strength of the DSH with challenges in signal 
detection. This is in addition to phenotypic variations caused by developmental 
instability, or within-genotype, within-environment random phenotypic variation. Since 
the DSH argues that early developmental conditions incur later-life fitness 
consequences, a proper test of the hypothesis should 1) minimize the effects of 
genotype, 2) focus on the effect of timing of stress by comparing the effects of the same 
exposure type and level at different periods during development (i.e. within-genotype, 
among-environment), and 3) assess metrics that have a high correlation with individual 
fitness [10].  
However, traditional tests of the DSH fell short of meeting these necessary 
criteria. First, many tests of the DSH failed to identify genotypic variation among 
experimental subjects as potentially significant sources of divergence of phenotypes. 
Such studies examined organisms in separate treatment groups and compared the 
phenotypes produced by one set of genotypes in one group, with the phenotypes 
produced by a different set of genotypes in another group, even though different 
genotypes could respond qualitatively and quantitatively differently to given stressor 
conditions. Second, instead of comparing the post-development performance of 
organisms that were exposed to a stressor at different times, many studies compared 
exposed individuals to unexposed controls, ignoring the effects of timing of exposure on 
performance. Third, many studies have not tracked subjects for long enough to assess 
whether the effects of stressors had clear fitness consequences, such as attenuated 
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reproductive success [8], [10]. Such flaws in design likely meant that effects of stress 
were missed or wrongly estimated. These three important design components were put 
together in my study, which tested the DSH in developing zebra finches (Taeniopygia 
guttata, hereafter ZEFI). The stressor was dietary MeHg, a known developmental 
stressor [11], and the indicators of stress were a suite of reproductive endpoints that, 
together, constitute the process of reproduction. Within-genotype comparisons were 
accomplished by dividing ZEFI family groups across treatments that differed by when 
during development they were exposed to the stressor. Reproductive performance was 
compared between treatments in order to characterize the reproductive phenotype of 
birds with different developmental stress histories and similar genotypic qualities. Family 
groups included full siblings that were divided across two to four distinct treatments – 
early developmental exposure (conception + 64 days), late developmental exposure 
(beginning at 64 days post conception + additional 64 days [12]), complete exposure 
(conception + 128 days), and an unexposed control group. This isolated the effects of 
exposure during early development from late, and allowed to compare the reproductive 
performance of the groups relative to controls. Using a model songbird species, an 
appropriate experimental design, and focusing on reproductive phenotype as an 
endpoint closer to actual fitness than those tested previously, I executed the most 
comprehensive test of the developmental stress hypothesis to date. 
The Effects of Methyl-mercury on Birds 
Mercury in the biosphere has been on the rise worldwide since the Industrial 
Revolution, as human activities such as large-scale mining and use of fossil fuels have 
resulted in the dissemination and circulation of the heavy metal in the atmosphere, water 
and soil [11], [13]. Methyl-mercury (hereafter MeHg), a potent environmental toxicant, is 
synthesized by bacteria from various forms of mercury pollution in biological systems. 
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Once in this organic form, MeHg is ingested by other members of the food web, readily 
crossing cell membranes and the blood-brain barrier, and biomagnifying to toxic levels in 
predatory species [11], [14], [15]. MeHg disrupts the functions of vital physiological 
systems in a broad variety of organisms, including humans, and is well-documented as a 
teratogen, neurotoxin, and acute or chronic poison [11], [16], [17]. Alongside human-
induced habitat degradation and global climate change, MeHg pollution will likely 
exacerbate bird population instability and lead already struggling species of conservation 
concern further into peril [13], [14], [18]. By preying on species that themselves are high 
in the food web, many species of birds living around polluted bodies of water accumulate 
detrimental and sometimes lethal amounts of MeHg. In sublethal concentrations, MeHg 
consumption can have significant fitness consequences, the most comprehensively 
researched of which being attenuated reproductive success (e.g. [18]–[23]). MeHg may 
affect avian reproductive function by disruption of multiple factors crucial to successful 
reproduction, such as endocrine system functions [22], [23], behaviors associated with 
pairing and parenting [19], [24], [25], and/or in ovo development by direct embryotoxicity 
[26]. 
Songbirds, a taxon of cultural significance, public interest, and conservation 
importance, suffer deleterious MeHg-related reproductive effects. A study of Carolina 
wrens (Thryothorus ludovicianus) showed a 20% decline in the probability of producing a 
successful nest with each 1.0 ppm (mg MeHg/kg blood on a per weight basis) increase 
in blood MeHg from 0.0 – 4.0 ppm ww [20]. Tree swallows (Tachycineta bicolor), another 
insectivorous songbird, and a model songbird species for field ecotoxicology studies, 
suffered a 20% reduction in the number of offspring produced in a free-living population 
where the average parental blood MeHg was 3.0 ppm ww [27]. In addition to songbirds, 
MeHg reduced fledging success in free-living bald eagles (Haliaeetus leucocephalus) 
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[28] and wandering albatrosses (Diomedea exulans) [29], and decreased the probability 
of initiating breeding in free-living black-legged kittiwakes (Rissa tridactyla) [30]. These 
field studies showed a negative correlation between MeHg and reproductive success, 
but, since lifelong feeding and locational history data on wild birds are difficult to obtain, 
the studies did not establish clear causation. Controlled dosing studies showed 
reductions in fledging success in American kestrel (Falco sparverius) [21], and a 
reduced number of eggs in dosed mallards (Anas platyrhynchos) [31], American kestrels 
[21], and white leghorn chickens (Gallus gallus) [32].  
Work performed on the same ZEFI colony studied here [18] found a 42% 
reduction in the output of independent offspring, 25% reduction in the proportion of 
chicks fledged, and 30% longer latency periods between cycles, in ZEFI exposed to 
1.2ppm MeHg during the breeding process. Hatching success and clutch size did not 
differ at the 1.2ppm dose [18]. In addition, the authors demonstrated that ZEFI exposed 
to MeHg only concurrent with breeding activity, long after the end of development 
(hereafter adult exposure), suffered reproductive declines similar to birds that were 
exposed throughout their lives (lifetime exposure). But, crucially, it is unknown whether 
developmental MeHg exposure (exposure exclusively during development) is sufficient 
to significantly depress adult reproduction. The use of different methodologies and study 
systems has created a body of evidence which clearly indicates that exposure to MeHg 
during the breeding process depresses various breeding metrics and overall fitness, but 
it remains unclear to what extent the variety and intensity of the effects reported in the 
literature occur in the absence of concurrent MeHg exposure, that is, are due to 
permanent, lingering effects of developmental exposure.  
My experiment compared the reproductive metrics of breeding birds that had a 
history of developmental MeHg exposure with those of unexposed birds, using 
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reproductive endpoints previously reported to be susceptible to concurrent MeHg 
exposure. Using a captive model species in a dosing experimental setup offered the 
possibility of detecting subtle effects and establishing causation [18], and was therefore 
essential for answering the questions of interest. I used an experimental setup that 
simulated environmentally-relevant MeHg doses, and temporal exposure scenarios that 
could potentially be found in the wild. Since wild songbirds and their developing offspring 
acquire MeHg locally [15], early exposure (conception plus 64 days) simulated scenarios 
where wild young birds are conceived on contaminated sites and remain exposed until 
their dispersal from the parental territory to an uncontaminated area. Later exposure 
(from day 64 to 128 post-conception) simulated scenarios where young birds leave 
uncontaminated parental territories, and pass through, or establish their own territory, in 
contaminated areas, being exposed to MeHg only during later stages of development. 
The third scenario, exposure during both early and later development (complete 
exposure), simulated conception on contaminated sites and later dispersal to similar 
sites. Knowing whether developmental exposure alone decreases fitness metrics is 
important for interpreting the effects of mercury exposure on individual organism health 
(including humans), as well as populations of birds in the wild. This knowledge can 
contribute to the creation of effective and efficient conservation and management 
policies, as it would link habitat use (e.g. breeding, migrating) and mercury 
contamination to songbird population stability.  
Goals and Hypotheses 
My main goal in this study was to tease apart the effects of early developmental 
stress from late developmental stress on the reproductive success of breeding ZEFI, and 
thereby link timing of exposure with reproductive performance. Since exposure occurred 
long before breeding and blood mercury levels were low by the time effects of MeHg 
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were examined, I hypothesized that reproductive metrics would differ to varying degrees, 
some subtle, among early and late exposed pairs within breeding cycles, but that the 
total reproductive output after 8 months of continuous breeding would differ significantly. 
My analyses compared the relative effects of treatments, focusing on detection of 
upstream factors that influence overall reproductive success.  
My second goal was to assess the type and size of effects developmental-only 
MeHg exposure may have had on breeding birds, regardless of exposure timing. For this 
approach early, late, and complete exposed birds were combined into one group, and 
their performance compared to unexposed controls. Based on literature on the effects of 
MeHg, I expected the developmentally-exposed population to exhibit behavioral 
abnormalities that would result in less efficient breeding attempts, and lower productivity. 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
Figure 1. The four treatments of developmental MeHg exposure related to the 
reproductive cycle of the typical songbird. MeHg exposure during development is 
Control 
(unexposed) 
 
Late 
Exposure 
 
Early 
Exposure 
 
Late + Early 
Exposure 
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highlighted in orange. Birds of the same treatment were paired post-treatment, at 
adulthood, and their reproductive success assessed. 
Materials and Methods 
Study Species 
Native to the arid and semi-arid regions of Australia and islands north of the 
continent, ZEFI are one of several common granivorous grass finches of the family 
Estrildines. The birds were first described in 1837 by ornithologist and explorer John 
Gould. By the middle of the 19th century, increased trade between Europe and the 
Australian territories brought live ZEFI to the west, where they were kept as cage birds, 
a custom still popular today. The birds’ hardiness and tendency to breed continuously in 
captivity made them appealing to both bird-fanciers and scientists. By the middle of the 
20th century, growing knowledge of the species prompted its use as a model avian 
species for biological research worldwide [12]. Extensive knowledge of the species 
biology and genetics, and its favorable breeding behaviors, make it a suitable subject for 
reproductive studies in songbirds. 
Flock Management 
All research was conducted at The College of William and Mary aviary in Virginia, 
USA, between 2015 and 2017. The study complied with the recommendations stated in 
the Guide of the Care and Use of Laboratory Animals of the National Institutes of Health. 
All procedures and protocols were approved and overseen by The College of William 
and Mary’s Institutional Animal Care and Use Committee (IACUC 2012-05-23-7982). 
Birds were fed a commercial pelletized diet (Zupreem FruitBlend). The breeding birds 
participating in this study, or F1 birds, were produced by F0 breeding pairs and reared 
by foster parents to avoid parental effects. F1 birds not exposed to MeHg during early 
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development were the offspring of F0 breeding pairs on a control diet, and were reared 
by foster pairs on the same diet. F1 birds exposed to mercury during early development 
were the offspring of F0 breeding pairs on a 1.2ppm (equivalent to 1.39ppm in a dry 
weight basis) MeHg diet (pelletized diet dosed with MeHg-cysteine), and were reared by 
foster pairs on the same MeHg diet. A MeHg dosing concentration of 1.2ppm was 
chosen as it is high enough to have a documented effect on reproduction yet sub-lethal 
for zebra finches, and is similar to the average value for predatory arthropod prey items 
(up to 1.24 ppm dw) eaten by songbirds living in forests and grasslands downstream of a 
heavily contaminated industrial site in Virginia, U.S.A. Siblings produced by F0 breeding 
pairs were divided across multiple treatments to reduce possible parental and genetic 
effects on performance. This was accomplished by allowing F0 breeding pairs to 
produce offspring while on a control diet, and after a transition period of 8 weeks, to 
produce offspring while on a dosed diet. Siblings coming out of the early development 
period were then divided between control or dosed treatments for the remainder of the 
developmental period (Fig. 2). When F1 birds completed their treatments, they were fed 
a control diet for the rest of their lifetime. Pairing of F1 birds produced F2 offspring. In all 
cases, birds were kept under constant, monitored environmental conditions (14:10 
light:dark photoperiod, at approximately 23° C), in cages housed in a single room 
indoors, with ad libitum access to food, water enriched with vitamins (Vitasol), oyster 
shell grit, and a cuttlefish calcium supplement. Three measures of reproductive 
performance of control pairs in this study (fledging success, proportion of females to 
fledge offspring, proportion of females to lay a clutch) were compared to averages 
reported for domestic flocks in captive ZEFI studies from across the world [33]. 
Proportion of hatchlings to fledge in this study was 18% lower than the published 
average, proportion of females to fledge offspring was 10% higher, and proportion of 
females to lay a clutch was similar to the reported averages. See Appendix 5 for 
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summarized information on this study’s husbandry practices and procedures (as 
recommended in [33]). 
 
 
 
 
 
 
 
 
 
 
Figure 2. The process of establishing the experimental flock. Blue represents the control 
diet, orange the MeHg-dosed diet. Cntl-Cntl represent control, Cntl-Hg the late exposure, 
Hg-Cntl the early exposure, and Hg-Hg the complete exposure group. 
Pairing 
The following conditions applied to all pairs. Pairs were comprised of males and 
females that received the same early-life mercury treatment; members of a pair shared 
no more than 12.5% relatedness (mean relatedness ± SD: 0.021 ± 0.019 [control, n=25], 
0.028 ± 0.020 [late exposure, n=25], 0.030 ± 0.025 [early exposure, n=34], 0.024 ± 
0.017 [complete exposure, n=27]). Within each treatment, pairs were comprised of 
unique combinations of F0 pair lineages. Age differences within and between pairs were 
minimized by avoiding pairing unusually young or old birds together. The average age of 
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each pair was kept within 300 – 530 days (mean ± SD (days): 369 ± 55 [Control], 379 ± 
67 [late exposure], 390 ± 64 [early exposure], 369 ± 50 [complete exposure]). To create 
pairs, a male and female were placed in a 40 x 60 x 36cm cage and provided with a 
wooden nest box measuring 12 x 7 x 18cm (internal; 1,512cm3). Blood samples were 
taken from breeding pairs at the time of pairing to establish the initial MeHg blood 
concentration, and once a month from a random sample of 20% of pairs, in order to 
ensure that accidental MeHg exposure had not occurred (MeHg analysis via DMA-80). 
After a 1-day adjustment period, the process of data collection began, with that point 
defined as day 0 of cycle 1. A total of 110 pairs participated in the study. These were 
made up of birds from 51 different family groups. Of the family groups, 15 families 
contributed siblings to all four treatments, 6 contributed siblings to three treatments, 19 
contributed siblings to two treatments, and 11 contributed a bird to one treatment (see 
Appendix 1). Spreading out of siblings across treatments was done in order to make 
sure that every treatment would contain roughly the same gene pool, thereby reducing 
potential genetic effects on the data. 
Measures of Reproductive Success 
Reproductive success can be defined as a multidimensional relative condition 
that is evaluated by tracking reproductive outcomes. In order to generate a detailed 
picture of the birds’ reproductive success, data collection began at the time of pairing 
and ended when offspring reached independence, defined here as 48 days after 
hatching. Between these two points in time, a variety of parameters associated with 
reproductive success were monitored. The length of time between pairing and the 
initiation of nest construction, or latency to nest, assessed the speed of pairing. 
Latency to breed, the time between pairing and the laying of the first egg in a nest 
constructed in the nest box, assessed the speed of breeding initiation. The length of time 
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between the initiation of nest-building and egg-laying, or latency to lay, assessed the 
speed with which pairs that had successfully initiated nest-building progressed. Clutch 
size, the number of eggs laid during a laying period, helped assess a female’s capacity 
to produce eggs, and her investment in the task. The time interval between the 
beginning of a new cycle and laying of the first egg of a new clutch, or inter-clutch 
interval, assessed the speed of initiation of a repeat breeding cycle, and the ability to 
continue breeding once started. The proportion of eggs that successfully hatched 
(hatching success), assessed the ability of breeding pairs to produce offspring that can 
transition out of the egg. Offspring survival assessed the ability of pairs to raise 
offspring from hatching to independence. In essence, breeding pairs faced the natural 
sequence of challenges associated with raising young, and their performances were 
quantified, and then compared across treatments. Pair survival assessed the probability 
of pairs to remain viable throughout the entire breeding period. Reproductive Output, 
or the number of independent offspring produced per pair in a 4 or 8-month breeding 
period, served as our ultimate fitness metric and summary of pair reproductive success, 
as it encompasses all reproductive processes, and accounts for pair survival. 
 
 
 
 
 
 
 
Figure 3. Illustration of the breeding process of pairs and the periods at which 
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reproductive measures were obtained. Pairs were given the opportunity to initiate 
repeated breeding attempts, or cycles, once offspring reached independence (day 48 of 
life).  
Data Collection  
Breeding pairs were monitored daily in order to record sequential events related 
to nest-building, egg laying, egg maintenance, hatching, fledging, death, and sickness. 
With the beginning of data collection or a new breeding cycle, pairs were provided with 
~20g of Timothy-Orchard hay, which was replenished every day until an egg was laid in 
a nest structure inside the nest box. If a pair did not initiate breeding (i.e. no eggs were 
laid in a nest structure in the nest box) in the first 60 days, the pair was separated and its 
members put back into single-sex cages. Nest boxes were checked every day, and the 
day of initiation of nest-building, as well as day of first egg in nest were recorded. Eggs 
laid were numbered with a marker (Sharpie, thin) for identification. The corresponding 
chicks were marked for identification with non-toxic Crayola markers until the age of 24 
days, when they were banded with uniquely numbered aluminum bands. Physical 
measurements focused on three indicators that assess growth rate and overall physical 
condition of the offspring. These included the length of the tarsus bone (using 
mechanical calipers, resolution 0.02mm), length of wing chord (0.5mm resolution wing 
chord ruler), and body mass (resolution 1mg). All offspring were measured at set time 
points, days 6, 12, 24, 48 and 120 of life. For mass measurements, the researcher 
placed the nestling on a cloth-covered surface on the scale quickly, so the weight of 
feces could be included in the measurement. To allow adjustment of weight for crop 
contents, crop fullness was visually assessed on a scale of 1-5 with 1beingr crop 
showing no sign of contents and 5 being crop diameter greater than width of torso. Eggs 
that were laid outside of the nest box or did not hatch were frozen, and a sample was 
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freeze dried and measured for dry mercury levels. Eggs from all treatments had mercury 
levels that were well below wet weight effect thresholds [34]. Results of egg mercury 
analysis are reported in Appendix 3. All eggs and offspring were handled by researchers 
wearing blue nitrile gloves. Nearly all data collection was performed by the same 
researcher (OJP), with a small fraction (~5%) performed by trained student assistants.  
Statistical Methods 
To examine whether the timing of exposure to mercury influenced metrics of 
reproductive success, my analysis focused on the effects of early, late, complete, and 
control treatment on each of the measures of reproductive success, latency to nest, 
latency to breed, latency to lay, clutch size, hatching success, offspring survival, and 
reproductive output. For each analysis, I fitted a general or generalized linear model with 
treatment type as a fixed effect, and, where relevant, covariates to account for additional 
predictive factors. Interaction terms were removed from a model if p-values were above 
alpha=0.05. Comparisons of clutch sizes were performed using a general linear model, 
using PROC MIXED in SAS 9.4. To compare hatching successes, which are proportion 
measures, I used a generalized linear model with a binomial distribution and a logit link, 
in SAS using PROC GENMOD. Overdispersion was adjusted by estimating the Pearson 
dispersion parameter and inflating the covariance matrix of the parameter estimates by 
this factor. Comparisons of time-to-event measures, latency to nest, breed, and lay, and 
offspring survival, were analyzed using Cox Proportional Hazards Models, in R (R-
package Survival) and SAS PROC PHREG. Product-limit curves were produced in SAS 
9.4, PROC LIFETEST. Proportional hazards assumptions were tested using R-package 
Survival and SAS PROC PHREG. In the analysis of offspring survival, the experimental 
units, F2 offspring, were hierarchically derived from individual F1 parental pairs, which 
were the subjects of this study. Therefore, siblings were included within a parental pair 
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shared frailty (a random factor that accounts for characteristics that are shared by a 
group of subjects with non-independent survival times [35]). Comparisons of 
reproductive output were performed using a generalized linear model with a negative 
binomial distribution and a log link function. It is important to assess the level of 
dependence between pairs of reproductive parameters in order to identify predictive 
relationships, as well as extraneous factors that may impact earliest-occurring variables 
initially, and later-occurring variables indirectly. Correlations between variables were 
tested and no unexpected dependencies were identified (see Appendix 2 for correlation 
matrix). 
Results are presented for each endpoint first as a comparison of the different 
treatment groups, to assess the effect of different timing of developmental stress, under 
the subheading “The effect of early or late stress.” Each endpoint is subsequently re-
examined as a comparison of all developmental stress treatments vs. control treatment, 
under the subheading “The effect of developmental mercury exposure.” The latter set of 
comparisons assesses whether mercury exposure during development, but not adult life, 
has effects on eventual adult reproductive success. 
Results 
Latency to nest  
The effect of early or late stress on the latency to nest 
MeHg-exposed treatments did not statistically differ among each other in the 
latency to initiate nest-building in the first 60 days after pairing. The complete treatment 
statistically differed from the control (Hazard Ratio = 0.511, 95% CI: 0.271-0.964, P = 
0.038). This can be interpreted as a 66.2% chance ([1/HR]/([1+1/HR]) that a given 
control pair would initiate nest-building before a pair from the complete treatment 
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(principle described in [36]). Fig. 4 shows the cumulative probability of nest-building 
initiation over time (Kaplan Meier curves) by treatment, with 95% confidence Hall-
Wellner bands. Uninitiated pairs remained inactive throughout, or died without building a 
nest during the allocated 60-day period (deaths were classified as “no event in 60 days,” 
and therefore censored at day 60). Fig. 5 presents the differences in probability of nest-
building initiation between each pair of treatments, with 95% confidence intervals. The 
effect of shared frailty (male lineage) is not portrayed in the visualization. The difference 
in the probability of nest initiation between control and each of the exposed treatments 
(Fig. 5 A-C) are greater (more negative) in the first few days after pairing. Plausible 
values of the difference (values within the 95% confidence interval) narrowly overlap with 
zero throughout most of the allocated 60-day period. Differences between exposed 
treatments (Fig. 5 D-F) approach zero throughout most of the 60-day time period. 
Median initiation times (the number of days at which half of the pairs within a treatment 
initiated nest-building) were 3, 6, 6, and 16 for control, early, late, and complete 
exposure treatments, respectively, suggesting increased latency to nest with increased 
exposure period.  
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Figure 4. Product-limit (Kaplan-Meier) failure curves (where “failure” is a nest-building 
event) by treatment, with 95% confidence Hall-Wellner bands. The numbers above and 
adjacent to the x-axis present the number of pairs that have not initiated nest-building at 
each time point, where 1 is control, 2 is the late exposure treatment, 3 is early, and 4 is 
complete.  
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Figure 5. Visualization of differences in the probability of initiating nest-building through 
time, between pairs in early and control (early minus control) (A), late and control (B), 
complete and control (C), early and late (D), early and complete (E), and complete and 
late treatments (F), with 95% confidence bands. 
Additional time-to-event analyses were performed to model the probability of 
nesting and breeding initiation by the presence or absence of early exposure. Pairs that 
were exposed to MeHg during the early part of development (early and complete 
treatments) had lower probabilities of initiating nesting or breeding events, compared to 
pairs that were not exposed during that time (control and late exposure), though 
differences were only marginally statistically significant (HR =0.643, 95% CI: 0.411 – 
1.01, P = 0.054, and HR = 0.684, 95% CI: 0.44 – 1.06, P = 0.086, for nesting and 
breeding initiation). 
Pairs in early, late, and complete treatments initiated nest building in the first 60 
days from pairing in 73.5% (n = 34), 76.0% (n = 25), and 66.7% (n = 27) of the cases, 
respectively. Control pairs initiated nest building in 21 out of 25 (84.0%) of cases. No 
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statistically significant association was found between treatment type and occurrence of 
nest-building in the 60-day period (Fisher’s Exact test, all P-values > 0.05). 
The effect of developmental mercury exposure on the latency to nest 
Developmental Hg exposure affected the probability of building a nest in the first 
60 days since pairing with marginal significance (likelihood ratio Chi-sq = 4.85, P = 
0.063). Control pairs had 1.61 times greater odds (Hazard Ratio = 1.61, 95% CI: 0.975-
2.65) of building a nest during the 60-day period, compared to exposed pairs, though 
95% CI overlaps with 1. This is interpreted as a 61.7% chance that a given control pair 
would have initiated nest-building before an exposed pair. Figure 6A shows the 
cumulative probability of nest-building initiation over time (Kaplan Meier curves) for 
control vs. exposed pairs with 95% confidence Hall-Wellner bands. Figure 6B presents 
the difference in probability of nest-building initiation between control and exposed 
treatments, with 95% confidence intervals. The trend in the difference suggests greater 
disparity in nest-building probability in the beginning and end of the 60-day period, with 
lesser disparity in the middle range, days 24-41. The exposed treatment median time 
occurred at day 7, 5 days after the control median, suggesting increased latency periods 
in exposed treatments.  
Control pairs initiated nest building in 21 out of 24 (87.5%) cases, while pairs in 
exposed treatments did so in 63 out of 86 (73.3%) cases. No statistically significant 
association was found between treatment type and occurrence of nest-building in the 60-
day period (Fisher’s Exact P = 0.182).  
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Figure 6A Product-limit (Kaplan-Meier) failure curves (where “failure” is a nest-
building event) with 95% confidence Hall-Wellner bands for control vs. combined 
exposed treatments. The numbers above and adjacent to the x-axis present the number 
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of pairs that have not initiated nest-building at each time point, where 0 is control and 1 
is developmentally-exposed. Figure 6B Visualization of differences in the probability of 
initiating nest building through time, in control vs. exposed pairs, with 95% confidence 
bands. 
Latency to breed  
The effect of early or late stress on the latency to breed  
Exposed treatments did not statistically differ among each other in the time 
between pairing and laying of the first egg in the nest. The early exposure treatment 
differed marginally from control (Hazard Ratio = 0.587, 95% CI: 0.317-1.085, P = 0.089). 
This can be interpreted as a 63.0% chance that a given control pair would initiate 
breeding before a pair from the early treatment, though HR 95% CI overlaps with 1. Fig. 
7 shows the cumulative probability of nest-building initiation over time, by treatment, with 
95% confidence Hall-Wellner bands. Pairs that did not lay eggs in the nest, died before 
laying, or did not build a nest during the allocated 60-day period were classified as 
unsuccessful pairs (all such event were classified as “no event in 60 days,” and therefore 
censored at day 60). Fig. 8 presents the differences in probability of breeding initiation 
between each pair of treatments, with 95% confidence intervals. Differences in 
probability of breeding initiation between control and each of the exposed treatments 
(Fig. 9 A-C) are greater between days 6 and 30. Plausible values of the difference 
between control and early treatment only narrowly overlap with zero throughout the 60-
day period. Differences between exposed treatments (Fig. 9 D-F) approach zero 
throughout most of the 60-day time period, though differences are greater between the 
late treatment and treatments with early exposure (early and complete). Median initiation 
times were 2, 6, 6, and 10 for control, late, early and complete exposure treatments, 
respectively, suggesting increased latency periods with increased exposure period. 
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Median times were 8, 26, 10 and 35 days for control, early, late, and complete 
exposures, suggesting a ~3-fold increase in breeding initiation time in the early 
treatment, and a ~4-fold increase in the complete treatment, compared to the control. 
 
 
 
  
 
 
 
 
 
 
 
 
Figure 7. Product-limit (Kaplan-Meier) failure curves (where “failure” is a first egg-
laying event) by treatment, with 95% confidence Hall-Wellner bands. The numbers 
above and adjacent to the x-axis present the number of pairs that have not initiated 
breeding at each time point, where 1 is control, 2 is late, 3 is early, and 4 is complete 
exposure.   
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Figure 8. Visualization of differences in the probability of initiating breeding 
through time, between pairs in early and control (early minus control) (A), late and 
control (B), complete and control (C), early and late (D), complete and early (E), and 
complete and late treatments (F), with 95% confidence bands. 
The effect of developmental mercury exposure on the latency to breed 
There was no effect of developmental exposure on the latency to breed (Fig. 9A; 
HR = 0.658, 95% CI: 0.91 – 2.54, P = 0.109). Mean latencies to breed were calculated 
for comparisons with relevant literature (see under Discussion). A simple mean 
calculation, where censored events were assigned the cutoff point (60 days), resulted in 
a mean value for controls of 21.0 days, and a mean for the exposed treatments of 30.2 
days – a 43.8% increase, but only marginally statistically significant difference (negative 
binomial regression P = 0.063). An exclusive mean calculation, where censored events 
were removed, showed 11.2 days for control, and 15.6 days for exposed pairs – a 39.3% 
increase in latency to breed that was not statistically significant (P > 0.133). Fig. 9B 
presents the difference in probability of breeding initiation between control and exposed 
treatments, with 95% confidence intervals.   
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Figure 9A, product-limit (Kaplan-Meier) failure curves (where “failure” is a first 
egg-laying event) by treatment, with 95% confidence Hall-Wellner bands. The numbers 
above and adjacent to the x-axis present the number of pairs that have not initiated 
breeding at each time point, where 0 is control, 1 is developmentally-exposed. Figure 
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9B. visualization of differences in the probability of initiating breeding through time, in 
control vs. exposed pairs, with 95% confidence bands.   
Latency to lay 
The effect of early or late stress on the latency to lay  
There was a statistically significant difference between the early exposure and 
late exposure treatments in the probability of laying an egg in the time following nest-
building initiation (HR = 0.481, 95% CI: 0.251 – 0.923, P = 0.028), and within a total 
allocated period of 60 days from pairing. Late exposed pairs had a 67.5% chance of 
laying a first egg before pairs from the early treatment, given nest-building had been 
initiated. No statistically significant difference was detected between any other two 
treatments. All pairs in the late and complete exposure treatment who initiated nest-
building proceeded to lay eggs (Fig. 10). Late exposure pairs reached 100% probability 
after 18 days, while complete exposure pairs did so in 35 days. Control and early 
treatments laid eggs in 95.2% and 87.25% of cases, respectively. Median latency time 
was similar in all treatment, ranging between 3 and 5 days.  
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Figure 10. product-limit (Kaplan-Meier) failure curves (where “failure” is a first 
egg-laying event after nest-building) by treatment, with 95% confidence Hall-Wellner 
bands. The numbers above and adjacent to the x-axis present the number of pairs that 
have not initiated egg-laying at each time point, where 1 is control, 2 is late, 3 is early, 
and 4 is complete exposure.   
The effect of developmental mercury exposure on latency to lay  
No statistically significant differences were detected between controls and 
combined exposed treatments, indicating no effect of developmental exposure on the 
latency to egg-laying (Fig. 11; HR = 1.08, 95% CI: 0.647 – 1.808, P = 0.765).  
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Figure 11. product-limit (Kaplan-Meier) failure curves (where “failure” is a first 
egg-laying event) by treatment, with 95% confidence Hall-Wellner bands. The numbers 
above and adjacent to the x-axis present the number of pairs that have not initiated egg-
laying at each time point, where 0 is control, 1 is developmentally-exposed. 
Effects on inter-clutch Interval  
There was no statistically significant difference, among any combination of 
treatments and cycles, in the length of time between the end of one cycle and the 
initiation of nest-building or egg-laying in the next (all P > 0.05). Early exposed pairs took 
the longest to initiate a second clutch, but differences were not statistically significant. 
Mean inter-clutch intervals were markedly shorter than intervals to first clutch (t = -4.62, 
P < 0.001), suggesting an initial period of adjustment and/or learning (Fig. 12A-D). 
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Figures 12 A-D. Mean latencies to nest and breed (y-axis, days), per treatment, 
in cycles 1 (shown for reference) through cycle 4. Bars represent standard errors of the 
mean. Fig. A and B present all four treatments, and C and D present the control and all 
exposed treatments combined. 
Clutch Size 
There was no effect of timing of developmental MeHg exposure on mean clutch 
size. (Fig. 13A; F3,73 = 0.7872, P = 0.512). Additionally, there was no effect of 
developmental MeHg exposure on mean clutch size (Fig. 13B; F1,73 = 1.33, P = 0.252). 
Mean clutch sizes ranged from 2 to 7 (Fig. 11. mean ± 95% CI = 4.36 ± 0.54, 4.73 ± 0.32 
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for control and exposed treatments, respectively). The dataset included 250 clutches 
ranging from 1 to 9 eggs per clutch. The distribution of mean clutch sizes of pairs was 
considered normal (Fig. 1B. Cramer-von Mises W-sq=0.085, P = 0.182; Anderson-
Darling A-sq=0.525, P = 0.183; Kolmogorov-Smirnov D=0.131, P<0.01).  
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
Figure 13 A-B. Mean clutch sizes of pairs in every treatment (A), and pairs in 
control and developmentally-exposed treatments combined (B), with standard errors of 
the mean. 
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Hatching Success 
The effect of early or late stress on hatching success 
No statistically significant differences in hatching success were detected between 
exposed treatments. Early exposed pairs showed a significantly lower hatching success 
than control (OR = 0.319, 95% CI: 0.14 – 0.728, P = 0.007). Less than half the eggs of 
early exposed pairs hatched (LS mean = 46.6, 95% CI: 35.2 – 58.4%), a 36.4% drop 
from the control mean of 73.2% (95% CI: 58.2 – 84.3%) (Fig. 14A). Late exposed 
treatments showed marginally statistically significant differences from controls (OR = 
0.435, 95% CI: 0.18 – 1.03, P = 0.058), and a mean that was 26% lower than the 
controls. No differences were detected between complete exposure and any other 
treatment. I recommend performing further analysis in order to address issues of zero 
inflation, large variance, and marginal GLM model fit. For example, a simple Bayesian 
regression was performed to compare the hatching success of controls and complete 
treatments (which showed no difference using the GLM), using the dataset in my 
previous analysis, assuming a binomial process, with a normal distribution and minimal 
variance of alpha (control mean) and beta (difference associated with the complete 
treatment). Results showed a shift in the distribution of beta to a posterior distribution 
that did not overlap with zero (beta = -0.72, credibility interval 2.5%-97.5%: -1.13 to -
0.32). This translates to a 22.0% reduction in hatching success in complete exposure, 
compared to controls, with a credibility interval of the reduction ranging between 9.4% 
and 35.8%.  
The effect of developmental mercury exposure on hatching success 
There was a statistically significant effect of developmental MeHg exposure on 
hatching success (Fig. 14B, OR = 2.51, 95% CI: 1.21 – 5.20, P = 0.014). The odds of 
eggs from control parents hatching are 2.51 times greater than eggs from exposed 
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parents. Mean hatching success of eggs from control pairs was 40% higher than eggs 
from exposed pairs. 
 
 
 
 
 
 
 
Figure 14 A-B. Mean proportion of eggs hatched to eggs laid (hatching success) 
for pairs in the four treatments (A), and control and developmentally-exposed treatments 
(B), with standard errors of the mean.  
Offspring Survival 
The effect of early or late stress on offspring survival 
There was no statistically significant difference in the survival probability, from 
hatching to independence (day 48), of offspring produced by pairs in all treatments 
(Wald chi-sq = 1.53, P = 0.132), but a significant degree of heterogeneity among pairs, 
i.e. a strong association between siblings in the probability of survival (Wald chi-sq = 
186, P < 0.0001), and a significant effect of cycle number (four categories 1, 2, 3, >4) 
(Wald chi-sq = 18.8, P = 0.004). Effects of interaction of treatment and cycle were non-
significant, and therefore were not included in the model. For all treatments, standard 
errors were greater than the parameter estimates. Fig. 15 presents the survival 
probability trends of offspring, by treatment. Fig. 16 presents the differences in survival 
Control               Early                    Late                 Complete              Control                        Exposed 
B A 
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probability in combinations of two treatments, with 95% confidence intervals. The effect 
of shared frailty (family groups, or siblinghood) is not portrayed in the visualization. The 
difference in survival probability of offspring from early exposed vs. control parents 
exhibits negative plausible values (values within the 95% confidence interval) throughout 
the 48-day survival period. This suggests a significantly lower probability of survival of 
offspring of early exposed pairs, though the plot does not reflect effects of shared frailty. 
The trend in the difference between early exposure and control shows a mildly lower 
disparity in survival probability with increasing offspring age. Survival of offspring from 
late exposed pairs is lower than controls throughout the 48-day period, with overlap of 
plausible values with zero that is more pronounced earlier in offspring life. The difference 
in survival probability between the complete and control treatments decreases over time, 
with offspring of complete exposure birds exhibiting a similar probability as controls from 
day 35 of life and on. Plausible values of the difference overlap with zero throughout the 
48-day period. The difference in survival probability between the offspring of the early 
and late treatments decreased over time, with late outperforming early exposure 
throughout the 48-day period. The survival of offspring in complete treatment was lower 
than late treatment only in the first 10 days of life, but higher thereafter, with a 
decreasing overlap of plausible values with zero.    
The significant effect of cycle number on offspring survival indicated that survival 
of offspring depended on the number of cycles parents completed previously. The third 
cycle was the most productive, showing a significantly lower hazard of death than the 
first and second cycle. The hazard of death in the third cycle was also smaller than in the 
fourth and fifth. The effect did not vary among treatments (no statistically significant 
interaction between treatment and cycle). 
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 The median survival time of offspring of pairs in early, late, and complete 
treatments occurred on days 7, 19, and 39 of life, 34, 22 and 2 days before the control 
median, day 41, respectively. Differences between early exposure and controls suggest 
that early developmental exposure reduces offspring survival time by a factor of 6 
(Median Ratio = 0.17 ≈ 1/6) during the 48-day period. Effects of shared frailty are not 
reflected in this analysis. Comparisons and median ratios are presented in Table 4. 
 
 
 
 
 
 
 
 
 
 
 
 
Figure 15. Kaplan-Meier survival curves with 95% confidence Hall-Wellner bands 
for all treatments. The numbers above and adjacent to the x-axis present the number of 
living offspring at each time point, where 1 is control, 2 is late, 3 is early, and 4 is 
complete exposure.   
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Figure 16. Visualization of differences in the probability of survival of offspring 
through time, in control vs. early (A), control vs. late (B), control vs. complete (C), early 
vs. late (D), early vs. complete (E), and late vs. complete (F) treatments, with 95% 
confidence interval bands. 
Effects of developmental mercury exposure on survival to independence 
There was no statistically significant difference in the survival probability, from 
hatching to independence (day 48), of offspring produced by control and exposed pairs 
(P = 0.116), but a significant degree of heterogeneity among pairs (Wald chi-sq = 209.5, 
P < 0.0001). Fig. 17A presents the survival probability trends of all offspring of control 
and exposed pairs. Fig. 17B presents the difference in probability of survival between 
treatments, with 95% confidence intervals. The trend in the difference shows a lower 
disparity in probability with increasing offspring age. The exposed treatment median 
survival time occurred on day 20 of offspring life, 21 days before the control median (day 
41), suggesting that developmental MeHg exposure approximately halves offspring 
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survival time (Median Ratio = 0.488) in the entire population of offspring in each 
treatment.  
 
 
 
 
 
 
 
 
Figure 17A. Kaplan-Meier survival curves with 95% confidence Hall-Wellner 
bands for control vs. exposed treatments. The numbers above and adjacent to the x-axis 
present the number of living offspring at each time point, where 0 is control and 1 is 
exposed treatment. Figure 17B. Visualization of differences in the probability of survival 
through time, in control vs. exposed pairs, with 95% confidence interval bands. 
The proportion of hatchlings that survived the first 6 and 24 days of life was 
significantly larger in control pairs (Fig. 18 A-B, F1,51 = 7.75, P = 0.008, and F1,51 = 4.40, 
P = 0.041, respectively). Control offspring had 1.81 times greater odds of reaching day 6 
of life (OR = 1.81, 95% CI: 1.18 – 2.79), and 1.51 times greater odds of reaching day 24 
of life (hereafter fledging) (OR = 1.51, 95% CI: 1.02 – 2.25), than offspring of exposed 
pairs. No difference was detected in the proportion of hatchlings that reached day 48 of 
life (hereafter independence) (Fig. 18C, F1,51 = 2.02, P = 0.162). Additionally, there was 
no difference in the proportion of 6-day old offspring (hereafter nestlings) that survived to 
Age of Offspring (days) Age of Offspring (days) 
A
b
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reach fledging (Fig. 18D, F1,48 = 0.02, P = 0.893), as well as the proportion of nestlings 
and fledglings that reached independence (Fig. 18 E-F, F1,48 = 0.41, P = 0.523, and F1,47 
= 0.66, P = 0.421, respectively). All six comparisons are visualized in Fig. 21.  
 
 
 
 
 
 
 
 
 
Figure 18 A-F. The percentage of surviving offspring in six time increments from 
hatching to independence (day 48 of offspring life). Hatchlings are defined as day 0 
birds, nestlings as 6-day old, fledglings as 24-day olds, and independent as 48-day olds. 
Pair Suvival 
There was no statistically significant association between the proportion of pairs 
whose members remained alive thorughout the 8-month breeding period between any 
two combinations of treatments (Fisher’s exact P > 0.05). Fig. 19A presents the 
proportion of pairs that survived and pairs that exhibited death, within an 8-month period. 
The proportion of surviving pairs is highest in control pairs, followed by late exposed 
pairs. 
A B C 
D E F 
37 
 
Control Exposed
Died 2 23
Lived 11 29
0%
10%
20%
30%
40%
50%
60%
70%
80%
90%
100%
Control Early Late Complete
Died 2 8 5 10
Lived 11 9 9 11
0%
10%
20%
30%
40%
50%
60%
70%
80%
90%
100%
A comparison of control to exposed pairs combined (Fig. 19B) showed marginal 
significance (Fisher’s exact P = 0.065). 
 
 
 
 
 
 
 
 
Figure 19A. The proportion of surviving pairs (blue) of all pairs in 8-months of breeding in 
all treatments. The proportion of pairs that exhibited death is presented in red. 
Figure 19B. The proportion of surviving pairs (blue) of all pairs in 8-months of breeding, 
in control and exposed treatments combined. The proportion of pairs that exhibited 
death is presented in red. 
Reproductive Output 
There was a difference in reproductive success between the control and early 
exposed treatment (Z = -2.02, P = 0.043) and a marginally statistically significant 
difference between control and complete treatments (Z = -1.77, P = 0.077). Exposed 
treatments did not differ among each other (all comparisons showed P-values above 
0.05). Fig. 20A shows the mean number of independent offspring produced by pairs in 
each treatment, with standard errors of the mean, in the middle of the breeding period (4 
months) and at its end (8 months). There was no difference in reproductive success 
among any of the treatments in the first 4 months of breeding. Control pairs produced a 
mean of 5.58 independent offspring during the 8-month period, while pairs from the 
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early, late, and complete treatments produced 2.71, 3.31, and 3.25 independent 
offspring, 41% to 51% fewer than controls. Control pairs produced significantly more 
independent offspring than the combined exposed treatments (Mean = 2.86, Z = -1.98, P 
= 0.048), a 49% difference (Fig. 20B). 
 
  
 
 
 
 
 
Figure 20 A-B. The mean number of independent offspring produced per pair, 
per treatment, 4 months and 8 months after breeding pairing, with standard errors of the 
means.  
Discussion 
The relative effect of mercury-induced stress on adult reproduction was greater in 
birds with an early developmental exposure history. Early exposed pairs took longer to 
initiate breeding, produced more eggs of which a smaller proportion hatched, had 
offspring that died at a more precipitous rate, and exhibited shorter breeding duration 
due to pair death than pairs with a late exposure history. With multiple breeding 
attempts, the negative effect of early exposure on reproductive output was amplified, 
yielding a 22% difference in output, relative to the late treatment, though the difference 
was not statistically significant. Zebra finch adult fitness may therefore be sensitive to the 
(4 months, 8 months) (4 months, 8 months) 
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timing of MeHg developmental stress, where earlier stress produces phenotypes with 
diminished capacities to reproduce under MeHg-free conditions, relative to later stress 
phenotypes. 
Developmental exposure to MeHg, in general, dramatically reduced reproductive 
success. Pairs with developmental exposure underperformed in nearly all breeding 
metrics, including pair survival, and most notably in hatching success, which was 29% 
lower than controls, on average. The total reproductive output of developmentally-
exposed pairs was approximately half that of controls.  
Reproductive output and fitness 
Differences among all treatment types 
 The most comprehensive measure of fitness is the final count of independent 
offspring produced per pair within each treatment. Fig. 22 A and B visualize the dramatic 
disparity in the mean outputs of controls and exposed treatments. Early exposed pairs 
produced on average 51% fewer independent offspring than controls in an 8-month long 
breeding period. This result suggests that the consistent, but mostly not statistically 
significant, poorer performance of the early treatment at each step of reproduction, from 
latency to nest to offspring survival, translated into a severe reduction in fitness, 
compared to controls, after multiple breeding cycles. Late and complete treatments did 
not differ statistically from controls, but exhibited means that were 41% and 42% lower. 
Note that the 8-month breeding period is sufficiently long for pairs to successfully rear 
four clutches, as all offspring that hatched within the 8-month period were included in the 
data. Therefore, a simple reproductive efficiency measure, defined as the average 
number of independent offspring, per single cycle out of four, per pair (E), can be 
established, where E=1.40 offspring per cycle for controls, and E = 0.678, 0.828, and 
0.813 offspring per cycle for early, late, and complete treatments, respectively. For 
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perspective, population stability (zero population growth), assuming that 70% of 
independent offspring survive to reproduce, would be achieved in two reproductive 
cycles on average in control pairs, while early exposed birds would need to complete 
4.13 cycles before death to achieve population stability. Late and complete treatments 
population stability would require 3.38 and 3.44 cycles.  
Effects of early or late stress on reproductive output and overall fitness 
After 8 months of breeding, the reproductive output of late exposed pairs was 
22.1% higher than early exposed pairs, a large but not statistically significant difference. 
The size of the difference cannot be explained by the increased mean latency to lay (the 
only statistically significant difference detected between the two treatments), as 91% of 
early exposed pairs who initiated egg-laying did so during the same time period as late 
exposed pairs. The difference in output between the treatments is most likely a 
consequence of smaller differences in effects of hatching success, offspring survival, 
and pair survival, that accumulated over several breeding attempts. Though not 
statistically significant, such small effects may therefore become biologically and 
evolutionarily significant with enough repeated breeding attempts. As mentioned 
previously, pairs in the early exposed treatment needed 4.13 cycles on average to 
achieve population stability, which is 0.75 cycle more than the late treatment. In the wild, 
migrants that typically produce two successful clutches per season for example, may 
need to complete an additional migration cycle (some birds experience a 4 to 6-fold 
increased rate of death during migration periods [37], [38]) and breed in a third season, if 
exposed early and suffering from the reported declines, in order to “catch up” to the 
reproductive success of late exposed pairs. Early exposed birds may therefore suffer 
substantial reductions in fitness and greater population instability due to the timing of 
their exposure. 
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The mean output for complete exposed pairs was just below that of late exposed 
pairs, and it is important to note that in nearly all metrics (i.e. latency to breed and lay, 
clutch size, hatching success, and offspring survival), late and complete treatments 
performed similarly and were intermediates between control and early treatments. If 
early stress had more pronounced negative effects on fitness than late stress, it is not 
clear why added exposure after early development (complete treatment) attenuated the 
size of these effects. Previous studies on the same flock found evidence of high 
adaptation rates and selection for MeHg tolerance in ZEFI exposed at a level of 2.4ppm 
[18]. It may be the case that the continued exposure to MeHg after 64 days from 
conception (to make the complete treatment) increases the chance of death in birds that 
were exposed early, thereby selecting individuals more fit to withstand the far-reaching 
effects of MeHg exposure. We can identify potential sources of the difference in 
reproductive output between the early and complete treatments in small disparities in 
hatching success and offspring survival, but not in pair survival which was very similar in 
the two treatments. Further work may focus on these reproductive measures in order to 
better understand the mechanisms driving the differences between these two 
phenotypes.  
Mean reproductive output within treatments suggests that evidence in support of 
the DSH is mixed. The DSH states that environmental conditions during earlier 
development are more important to fitness than later-life environmental conditions [8]. 
On one hand, in the most conservative statistical sense, even though the performance of 
breeding pairs in early, late, and complete treatments varied during the reproductive 
process, the final measure of fitness, output of independent offspring in 8 months, can 
be considered uniform among treatments (p-values are greater than the significance 
level). Therefore, earlier developmental effects were not more important to reproductive 
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success than later effects. On the other hand, as mentioned before, effects of timing of 
MeHg-induced developmental stress did produce birds with differing downstream 
deficits. Timing of developmental stress was tied to a significant difference in the latency 
to lay eggs after nest-building initiated, and recurring differences between the 
performances of the early and late stress treatments were documented (namely, late 
treatment outperformed early to varying degrees in all metrics). It is hard to reject the 
null hypothesis of no effect of timing on reproductive success based solely on one result 
that fell below significance levels. The null hypothesis suggests that developmental 
exposures to MeHg, whether early, late or complete, are indistinguishable in their effect 
on reproductive success under MeHg-free breeding conditions, and is therefore hard not 
to reject. The idea that the timing of stress is not an important factor in explaining effect 
goes against knowledge on the sensitivities of important developmental processes, that 
occur in critical developmental periods, to heavy metals [16], [39], as well as the intuitive 
notion that development is a fragile and fateful process. 
Effects of early-life exposure on wild bird population stability 
This study demonstrated how developmental exposure to environmentally-
relevant levels of MeHg can create varying types and levels of reproductive deficits long 
after exposure has ceased. The poorer performance of developmentally-exposed birds 
within each stage and cycle of breeding, relative to controls, translated to a dramatic 
difference in reproductive success when breeding cycles were repeated. Very low levels 
of blood mercury in exposed birds, and low levels of correlation between blood mercury 
levels and reproductive metrics (Appendices 2, 4), confirm that developmental exposure 
to MeHg dramatically affected fitness. Extended periods on a mercury-free diet before 
pairing (7 – 98 weeks, mean = 41 weeks, sd = 22 weeks) did not appear to alleviate the 
effects of developmental exposure. The permanence of deficits suggests that 
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developmental processes related to reproductive capacities were affected by the 
presence of MeHg during their critical developmental periods. In addition to its 
documented disruptive effects on the growth and maturation of the central nervous 
system [40], and general neurotoxicity, MeHg is a known endocrine disruptor [16], and 
therefore may be working on multiple levels to cause harm to developing organisms. 
Disruption of the complex processes of hormonal communication and regulation of 
developmental processes during critical periods of organ growth may have serious 
effects on somatic functions and eventual phenotype [39]. In the wild, neo-tropical 
migrants with MeHg developmental exposure histories that suffer from these kinds of 
reproductive deficits may need to endure an additional migration cycle and breeding 
season to achieve the reproductive output that unaffected birds would be able to in a 
single season. This highlights the urgent need to create policies that will protect breeding 
grounds from present and future mercury pollution, and assess the level of exposure 
juvenile migrants may experience on migration routes. Combined with other 
environmental pressures, such as climate change, habitat destruction, and related 
anthropogenic factors, the dramatic effects of MeHg-induced developmental stress on 
reproduction are likely imposing burdens that are too great for many avian populations to 
withstand [13]. 
 Contribution of reproductive endpoints to reproductive success 
Effects of early or late stress on latency periods 
I measured the time periods between pairing and nest-building, pairing and egg-
laying, and nest-building and egg-laying in order to assess the speed with which pairs 
began the reproductive process. Due to the known neurotoxicity of MeHg, I expected the 
time associated with triggering and executing these complex behaviors to vary among 
treatments. Several important patterns in the data were identified. Pairs in the complete 
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treatment showed a significantly lower probability of initiating nest-building than controls. 
Pairs in the early treatment showed a lower probability of initiating breeding that was 
marginally statistically significant. Pairs in the late exposed treatment showed a higher 
probability of egg laying than early exposed pairs that was statistically significant (Fig. 21 
A-C). These patterns point to overall deficits in treatments with early exposure (i.e. early 
and complete), suggesting that the 64-day time period following conception is sensitive 
to MeHg stress at the 1.2ppm dietary dose, and that MeHg stress at this time disrupts 
mechanisms that govern the process of initiation of a first reproductive cycle later in 
adulthood.  
Analysis of early vs. non-early treatments (early = early and complete; non-early 
= control and late) highlighted differences in performance of the birds with and without a 
history of exposure during the early part of development. Pairs without early exposure 
histories had a 60.9% and 59.4% chance of initiating nest-building and breeding before 
pairs with early exposure histories, respectively. However, differences were only 
marginally statistically significant (P = 0.054 and P = 0.086, respectively). Median 
latency periods, which are derived from survival analysis, assess the speed with which 
the population of pairs in each treatment reacted to pairing (Fig. 22). Pairs in the early 
and complete treatment were the slowest in initiating all events. This suggests that the 
“reaction speed” of potentially breeding birds decreases due to early exposure, reducing 
the efficiency with which they use the time available for reproduction. This helps to 
identify the time period between pairing and egg laying as a potential contributing factor 
in the loss of reproductive success for birds with an early exposure history. A previous 
ZEFI dosing study on birds from the same colony has already shown that ZEFI exposed 
to 1.2ppm MeHg throughout their lives (lifetime exposure), including during breeding, 
exhibited similar mean latencies to breed as controls, while birds that were exposed only 
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after the end of the developmental period (adult exposure) exhibited significantly longer 
latencies to breed [18]. If we consider the lifetime exposure treatment in Varian-Ramos 
et al. as similar to the complete exposure treatment from my study plus an added adult 
exposure, this would mean that the former would benefit from extended exposure to 
MeHg, which is unlikely on the individual level, but plausible if extended exposure 
removes more sensitive birds from the population through selection in the time after 
development and before breeding.  
Effects of early-life exposure on latency periods 
There was only a marginally statistically significant effect of developmental MeHg 
exposure on the latency to initiate nest-building, and no differences between controls 
and all exposed treatments in the latencies to breed and lay. Additionally, none of the 
patterns identified in latencies to first clutch carried over into subsequent breeding 
attempts (inter-clutch interval), as differences in means were very small. Previous ZEFI 
dosing studies on the same colony identified a 40% increase in mean latency to breed 
(10 days in control, 14 days in exposed) for all breeding cycles combined, in pairs 
exposed to 1.2ppm mercury during breeding, though latencies to first breeding attempt 
were not included in the analysis, and it is not clear how researchers addressed non-
events in the calculation of means [18]. In comparison, developmentally-exposed pairs in 
the present study showed a 40% increase in mean latency to breed in the first clutch 
only, compared to controls, but means were not statistically different at the conventional 
0.05 significance level. Similar effect sizes in the two treatments suggest that 
developmental exposure alone (this study) may be as detrimental to the initiation of the 
first breeding attempt as exposure during the breeding process. In a population of wild 
birds, a 40% greater delay before laying of a first clutch could have serious effects on 
individual fitness. Increased latency may incur a penalizing effect on the reproductive 
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success of wild birds, as clutch failure, due to depredation, weather event, limited food 
supply or otherwise, would be less likely to be followed by a successful clutch during the 
limited time available in a short breeding season [41]–[44]. Moreover, the challenges of 
nest-building and egg-laying are greater in the wild, as mates must be found, sites 
selected and remembered, resources gathered, and predators avoided in a vastly larger 
space than the one provided in the lab. It is therefore likely that any effects of 
developmental MeHg exposure, as applied to wild songbirds, are underestimated in this 
laboratory study. 
When thinking of effects of exposure, we should consider that MeHg is a known 
neurotoxin [11], [16], and therefore can be expected to have effects on latency 
endpoints, as these are likely influenced by perceptive and spatial capacities, and 
abilities to execute complex behaviors. Since mercury was shown to persist in amounts 
as high as 4.4ppm in the nucleus dentatus, 26ppm in the pituitary gland, and 0.34ppm 
(all wet weights) in the hippocampus in the brains of humans who ceased exposure to 
mercury years before measurements were taken [45], it is plausible that mercury 
remains in the brains of birds in high amounts as well, affecting crucial neurological 
processes directly, in addition to imposing permanent neurological damage during 
development. 
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Latency to Egg-laying 
 
 
 
 
 
 
 
 
 
 
 
 
Figure 21 A-C. Hazard ratio means and 95% CI of exposed treatments from a 
semi-parametric Cox Proportional Hazards model for latencies to nest, breed, and lay. 
Higher hazard ratios mean greater probability of initiating an event. Gray dashed line 
represents the control reference at HR = 1. Letters convey statistically significant 
differences between treatments.  
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Figure 22. The median time to event (in blue), and the remainder of time to final event 
(light blue) in populations of pairs of each treatment. The proportion of pairs that 
successfully produced the event are presented in percentage points on the right of each 
timeline. 
Differences in clutch size 
Clutch size was the only metric that showed no differences between any 
combination of treatments, and hence no effects of early vs. late stress, or general 
effects of developmental exposure were detected. Early exposed females produced the 
largest clutches, with a mean difference of ~0.6 egg per clutch compared to controls. 
Assuming this represents the true difference in means among the two treatment 
populations, this would translate to one extra egg in every two clutches produced by 
early exposed birds. This extra investment did not translate into fewer independent 
offspring, as evident in the analysis of overall reproductive output. Energy and nutritional 
resources invested in egg production are significant, and superfluous investments may 
take a toll on body condition and overall fitness (see [46] for example), though in this 
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experimental setup with ad libidum food and water, such effects would be expected to be 
minimal. Previous work with ZEFI from the same colony also detected no difference in 
clutch size in a breeding population exposed as adults or for their entire lifetimes, 
including developmentally [18].  
Effects of early or late stress on hatching success 
Hatching success, or the proportion of eggs that hatched to eggs laid, was 
significantly affected by developmental MeHg stress, and possibly by its timing. Early 
exposed pairs underperformed controls by a large margin (36.4% lower hatching 
success than controls). On average, early exposed pairs lost more than half their eggs to 
hatching failure, while control lost just under a quarter of their eggs. Effect sizes of all 
treatments on hatching success were large, but substantial variance in the data 
increased uncertainty, and no statistically significant differences were detected among 
treatments. This suggests that any differences in fitness between pairs with different 
exposure histories are not greatly influenced by hatching success, and that 
developmental stress may affect parental fertility and/or in ovo development regardless 
of timing. The mean hatching success values for exposed treatments (47 - 57%) are 
similar to values documented for the same colony on the same dose of MeHg [18] in a 
previous study of adult and lifetime pairs (mean = 50%, though controls in the reference 
study did not differ from exposed treatments). 
Implications of the documented reduction in hatching success for wild birds 
On average, developmentally-exposed pairs suffered a 30% decline in hatching 
success. Similar deficits in populations of wild birds could carry great costs to breeding 
birds, and result in severe decreases in reproductive output and overall fitness, 
contributing to population instability. Inefficiencies due to squandered investments in 
eggs that would not hatch are likely amplified by the investment of time in raising fewer 
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offspring to independence during every breeding cycle [41, 42]. For example, it was not 
unusual for pairs in my study to complete a successful breeding cycle in 69 days: 2 days 
for nest-building, 5 days for laying a clutch of 4 - 5 eggs, 10 days of incubation, and 52 - 
53 days to raise the youngest offspring to independence (48 days). According to my 
results, pairs in the early treatment, for example, entered the 52 - 53 day offspring-
raising period with a 36% deficit in potential reproductive output, compared to controls. 
Given perfect offspring survival, this deficit would translate to 5 fewer independent 
offspring than controls over four breeding attempts, given an average clutch size of 5 
eggs. This is equivalent to control pairs losing 1.33 complete breeding cycles. Since 
differences in offspring survival are relatively small (7.7%) we can identify hatching 
success as a likely strong upstream contributor to differences in the final, overall 
reproductive output fitness metric between controls and individual treatments and all 
exposed treatments. 
As the presence of mercury in natural environments grows [13], this kind of 
severe drop in hatching success could potentially affect a very large number of breeding 
wild birds. Birds with developmental MeHg exposure history may be experiencing much 
smaller returns on investments in breeding attempts, and therefore strong selection 
pressures. In philopatric populations, evolution of traits that increase clutch size or affect 
other mechanisms that may compensate for reduced hatching success may have the 
potential to occur. The mechanisms behind the high rate of hatching failure are not clear, 
but given MeHg neurotoxicity, and very low levels of MeHg measured in the eggs (see 
Appendix 4), behavioral abnormalities, such as altered incubation habits, are likely to be 
at fault. Studies in free-living birds found a 3-fold increase in nest abandonment rates in 
Carolina wrens on contaminated sites [20], aberrant incubation behavior in common 
loons [19], and low reproductive success in both cases. Although, unlike this study, 
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exposures in those studies occurred during breeding, potentially affecting both parent 
and offspring. My study is the first time that maternally transferred developmental MeHg 
exposure has been shown to reduce hatching success long after exposure ceased, with 
nearly-all of the breeding population exhibiting below effect-threshold levels of blood 
mercury (under 0.1ppm, plus degree of correlation between hatching success and blood 
mercury levels was low).  
Effects of early or late stress on offspring survival 
Offspring survival analysis assessed the probability of the survival of offspring to 
independence (48 days of life) within each treatment. Both the occurrence of death and 
its timing were considered in the analysis. Despite a clear divergence in the final 
proportion of surviving offspring between two groups of treatments (Fig. 17), there is no 
evidence that the probability of offspring survival differed among any of the treatments. 
This is due to significant variations in pair performance within treatments. Substantial 
difference in median survival times between all combinations of treatments, with the 
exception of control vs. complete exposure, may be informative. Offspring of early-
exposed pairs exhibited 50% mortality at 7 days, while the late treatment median 
mortality occurred at 19 days, which suggests the early exposed parents have more of a 
deficit in provisioning offspring in the first days post-hatching than parents that were 
exposed in late development (Fig. 18 A, C, D). Though final survival proportions were 
very similar in early and late treatment (37%), the difference in the timing of greatest rate 
of offspring death may be attributed to divergent cognitive phenotypes of parents. The 
precipitous loss of offspring of early exposed parents before day 7 implies that 
provisioning challenges in that period are greater due to the impact of the parents’ 
particular developmental stress history, but these challenges become manageable once 
a sufficient proportion of offspring has died. Late exposed parents may be less 
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challenged during the first 7 days, but still not sufficiently capable of maintaining large 
broods, resulting in a gradual death of offspring.  
The significance of the nesting cycle effect indicates that the success of parents 
in raising offspring depends on within-brood attributes, which may include not only brood 
size, incubation quality, early death events within a brood that may lead to pre-mature 
abandonment, nest structure quality, etc.. The effect of brood size did not differ among 
treatments, however including it in future survival models may help better estimate the 
main effect of treatment. A prevailing pattern of early offspring death that researchers 
identified during data collection was the sequential death of hatchlings 1-2 days after 
hatching, due to apparent emaciation, until the entire brood was eliminated. Identifying 
factors that may have triggered these events could provide important insight into the 
deficits of underperforming pairs. Any conclusions about the link between the timing of 
developmental MeHg stress and offspring survival patterns should be considered with 
caution due to the large variation in pair performances. Further analysis is needed in 
order to extract definite conclusions from the data, make comparisons to previous 
research, and generalize conclusions about detected effects of timing of developmental 
MeHg exposure on offspring survival to the strength of the DSH. 
Effects of early-life exposure on offspring survival 
 Differences in offspring survival between controls and all exposed treatments 
were not statistically significant, but the proportion of control offspring that survived to 
day 24 was significantly larger. The proportion of offspring that survived to independence 
did not statistically differ between the groups. This can be explained by the survival 
pattern of the complete treatment offspring, which exhibits initial stronger declines, but 
reached a final survival proportion very similar to controls, influencing the results for all 
exposed treatments combined. As apparent in Fig. 20, the differences in survival 
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probability between controls and exposed pairs were fixed at day 3 of offspring life, and 
maintained at this level of ~10%, relative to the initial population size, from there on. It is 
therefore plausible that the quality of parental performance at this very early stage of 
offspring life differs among the two treatment groups, and that this difference contributes 
to the eventual disparity in reproductive output. Note that there were no differences in 
egg mass among treatments (data not presented in this document). The neurotoxic 
effects of MeHg, if permanently altering neurological endpoints, could explain the deficits 
that exposed pairs seemed to have in exercising complex behavioral tasks such as 
offspring provisioning.  
Data on fledging success was not analyzed in this study, but raw data showed 
that chicks fledged the nest at day 20 ± 4 of life. The offspring survival Kaplan-Meier 
curve (Fig. 19) shows that exposed pairs had 20% fewer living offspring at 20 days, 
compared to controls. Previous work performed on the same ZEFI colony studied here 
[18] showed 26% lower fledging success in adult and lifetime 1.2ppm MeHg exposed 
pairs, compared to controls. This similarity of effects once again highlights the surprising 
overlap in the reproductive phenotype of developmentally-exposed birds and birds 
exposed only during breeding, and the far-reaching and irreversible costs of 
developmental MeHg exposure. As before, further analysis and expansion of sample 
size on the pair level is necessary to make definite conclusions about the data, as 
among-pair variance is very large. 
Effects of developmental exposure vs. breeding exposure 
The similar effects of 1.2ppm MeHg exposure during development and during 
breeding on hatching success, offspring survival, and potentially latency measures [18], 
are surprising, and provoke two potential mechanistic explanations for the phenomenon. 
First, reproduction-related systems (e.g. neurological, endocrine) of birds during 
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development and birds during the breeding process may exhibit similar sensitivities to 
MeHg exposure, resulting in similar deficits. Second, MeHg exposure during 
development may inflict permanent damage on reproduction-related systems, which 
leads to the documented deficits, while exposure during the breeding process may 
create the same deficits in different ways, such as increased oxidative stress during 
breeding and direct embryo-toxicity. The persistence of mercury in brain structures, as 
documented in humans [45], may play a role in the documented deficits, if applicable to 
birds. Assuming MeHg persists in the bodies of birds with any history of prolonged 
exposure, we can say that its presence, if effectual, attenuates reproductive success by 
a factor of, for example, ‘X’. In the case of developmental exposure, birds suffer the 
consequences of developmental stress (impaired or altered development), which affects 
reproductive success by an added factor of ‘S’, for a total effect of (X+S) on reproductive 
success. Birds that were exposed during the breeding process suffered from the toxic 
effects of concurrent MeHg exposure, as did their offspring, reducing reproductive 
success by a factor of ‘T’, for a total effect of (X+T). In this scenario, the difference 
between the reproductive performance of developmentally-exposed birds and breeding 
exposed birds was a factor of (T – S), which this study suggests is small at the 1.2ppm 
MeHg level. Birds that were exposed during development and breeding (‘lifetime’ birds 
[18]) may have suffered declines to the factor of (X+T+S +T*S), for example, but the 
similarity in performance to adult exposed birds suggests the total effects of T and S are 
limited and not additive. Testing whether MeHg exposure affects reproductive success 
regardless of timing of exposure may be an important last piece in understanding the 
relationship between MeHg exposure and reproductive success. This could be done by 
assessing the reproductive success of birds that were exposed after the end of the 
developmental period but before breeding, which, between this study and previous work, 
is the missing exposure period in the birds’ lifetime. 
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 The similar effects of 1.2ppm MeHg developmental exposure and breeding 
exposure on reproductive success (nearly 50% decline compared to controls) 
contradicts the more intuitive notion that direct toxicant effects are the most harmful. The 
results of this study suggest that the most important investigative question to predict 
reproductive declines in populations is not only “Is there MeHg in the system?” but also 
“Were organisms ever exposed to MeHg during development?”. This shift in focus could 
help investigators look at the factors affecting the study system as a time-dependent and 
dynamic interplay of environmental conditions, and organism natural history. It suggests 
that the movements of organisms and pollutants are as important as the simple 
coinciding of organisms and pollutants at the same time and place. On one hand, when 
birds enter a contaminated ecosystem to establish new territories, migrate, etc., there 
may be permanent consequences to their breeding capacity, if exposure was sufficiently 
long. On the other hand, seasonal events and climactic changes may introduce 
stressors into food webs, or alter stressor potency and effects [13], changing the fitness 
of organisms within affected environments. Therefore, in addition to working to maintain 
the strength of non-exposed populations, the clean status of their environments, and 
minimize the presence of mercury contamination in already known contaminated 
environments, songbird conservation strategies should focus on remediating or 
containing bodies of water or sediment that may move into pristine environments with 
predicted increases in sea level rise, storm frequency, and shifts in weather patterns.  
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Appendix 
 
1. Division of siblings across treatments 
The distribution of siblings across 
treatments. Family groups were assigned 
numbers at random. Siblings were divided 
across treatments at random. Sibling in a 
treatment are represented by black 
squares, no siblings in a treatment by 
white squares.  
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2. Correlations between variables 
 It is important to assess the level of dependence 
between pairs of reproductive parameters in order to 
identify predictive relationships, as well as extraneous 
factors that may impact earliest-occurring variables 
initially, and later-occurring variables indirectly. A 
correlation matrix (see table below) revealed high levels 
of correlation were expected; age, time since exposure, 
and Hg blood level at pairing were moderately 
correlated due to the temporal nature of the treatments. 
Male age and female age were moderately correlated 
due to the conditions imposed on the average age of 
birds at pairing. Latencies in the first breeding cycle 
were correlated due to their overlapping timelines. 
Weaker correlations between mean latencies to nest 
after the first cycle and mean latencies to breed after the 
first cycle imply that the two processes may not be 
strongly associated despite overlapping timelines. All 
other correlations were weak, with the exception of 
mean latency to nest after the first cycle, which was 
correlated by a Pearson factor of -0.60 to clutch size. 
This implies that longer latencies to nest after the first 
cycle are correlated with smaller clutch sizes, but P = 
0.72.   
The table presents values are Pearson’s 
correlation coefficients between pairs of reproductive 
parameters. MaleAge and FemaleAge refer to the age 
of a male or a female, respectively, at pairing. 
MaleTimeSinceHg and FemaleTimeSinceHg refer to the 
time between the end of MeHg exposure and pairing. 
MaleHg and FemaleHg refer to the blood mercury level 
at pairing. HS is hatching success. CS is clutch size. 
C1LatToNest and C1LateToBreed refer to the time from 
pairing to the first sign of nest-building and first egg. 
MeanLatToNest and MeanLatToBreed refer to the 
average length of the latency period to first sign of nest-
building and first egg, between cycles. Over8m refers to 
the total number of independent offspring produced over 
the allocated 8-month breeding period. 
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3. Mercury blood levels at pairing 
Mean MeHg blood level at pairing for control birds was 0.015 ± 0.015ppm, 
compared with 0.028 ± 0.044ppm for early, 0.253 ± 0.412ppm for late, and 0.124 ± 
0.251ppm for complete exposure. Most of the birds that entered the study 50-100 days 
after the completion of their treatment exhibited blood mercury levels above 0.5ppm (see 
Fig. 24). These necessarily included birds only from the late and complete treatments. 
Thus, overall circulating MeHg levels were low, and little MeHg remained in blood 100 
days after exposure. Even those birds entering the study at younger than average ages, 
from treatments with late MeHg exposure (late and complete treatments), had mercury 
levels below those usually associated with sub-lethel effect (~1ppm) when they were 
paired.  
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
Figure 24. Blood mercury levels (ppm) of breeding birds at day of pairing, for males and 
females.  
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4. Egg mercury levels 
Mercury levels (ppm dry weights) in a sample of eggs collected during the 
breeding period. Only eggs that remained unhatched, or were laid outside of the nest 
box were collected for this analysis. No eggs were removed from clutches. Means ± 
standard deviation: Control = 0.0056 ± 0.0018, Early = 0.0277 ± 0.0416, Late = 0.0395 
± 0.0632, Complete = 0.0195 ± 0.0167. 
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5. Glossary of husbandry practices and procedures. 
Aspect Item Details 
Study design 3 experimental groups  
 1 control group  
 Replication on breeding pair 
level, family level, within 
treatment 
 
Numbers used 112 breeding pairs  
 108 males  
 116 females  
 80 females laid eggs  
 70 pairs had chicks  
 60 pairs produced 
independent offspring 
 
 27 pair member deaths Deaths before or during 
reproduction 
Experimental 
Procedures 
4 developmental methyl-
mercury exposure treatments, 
varied by timing 
1.2ppm at: early (conception + 
64 days), late (64 days post-
conception + 64 days), complete 
(conception + 128 days), control 
(unexposed) 
 240 days given for continuous 
breeding 
 
Experimental 
animal 
Domesticated zebra finch 
(Taeniopygia guttata) 
 
 Age: 170-680 days  
 No prior breeding experience  
 Force-paired  
 Birds of the same treatment 
were paired; apparently 
injured or sickly birds not 
included 
 
Housing and 
husbandry 
40 x 60 x 36cm cage  
 One pair per cage Fledgling kept in cage until 
independence (day 48) 
 Food provided ad libidum Zupreem peletized diet 
 Water with Vitasol, ad libidum  
 12 x 7 x 18cm wooden nest 
box 
 
 Timothy-Orchard hay 20gr per day before egg laying 
 Indoors  
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 Temperature kept at 23-25C  
 14:10 light:dark photoperiod  
Results for 
control pairs 
Latency to first egg of first 
clutch, median = 8 days 
 
 Mean clutch size = 4.36 eggs  
 Mean hatching success = 0.73  
 Median offspring survival = 41 
days 
 
 Mean reproductive output = 
5.58 independent offspring per 
pair in 8-month continuous 
breeding period 
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